We show high Raman gain in a silicon submicrometer-size planar waveguide. Using high-confinement structures and picosecond pump pulses, we show 3.1-dB net internal gain with 2.8-W peak pump power in a 7-mm-long waveguide. We also analyze experimentally and theoretically the effect of free-carrier absorption on the Raman gain.
1
Raman gain in silicon was shown to be limited by absorption from free carriers generated by two-photon absorption (TPA) at a high pump power. 2, 3 In this Letter we demonstrate a Raman gain of 5.6 dB with a 3.1-dB net internal gain in silicon in a 7-mm-long submicrometer strip waveguide with 2.8-W pump power. The high confinement strongly increases the intensity of the pump light and therefore increases the Raman gain. To isolate the Raman effect from the freecarrier absorption (FCA) effect, we use a pulsed pumping scheme that prevents free carriers from building up over time and masking the Raman gain.
The structure used here for measuring gain in silicon is a 7-mm-long strip SOI waveguide. The core of the waveguide has a height of 230 nm and a width of 440 nm. The structure was fabricated with a process similar to that described in Ref. 4 . The modal area of the quasi-TM mode is 0.18 mm 2 at the wavelength of 1480 nm calculated by simulation of the mode prof ile of the waveguide with a full-vectorial finite-difference mode solver. 5 The propagation loss of the waveguide is estimated by the paper-clip method 6 to be 2.5 dB͞cm for the quasi-TM mode and 5.2 dB͞cm for the quasi-TE mode.
In our experiments the pump and probe beams are coupled to the waveguide by nanotapers. 4 The coupling loss is approximately 2 dB. The pump light is generated by an optical parametric oscillator and is then filtered by a Fabry -Perot filter to extend the pulse width. The resulting pump pulse has a repetition rate of 76.8 MHz and a FWHM of 3.6 ps with a single-sided exponential shape, measured with the autocorrelator. The pump pulse is transform limited with a 0.45-nm-FWHM Lorentzian spectrum. In the experiment the pump wavelength is f ixed at l pump 1480.0 nm. A cw tunable laser with less than 1-MHz linewidth is used as the probe. Since the optical phonon in silicon has a frequency of 15.6 THz and a bandwidth of 105 GHz, 1 the central wavelength and bandwidth of the Raman gain in the waveguide are expected to be l 0 1603.5 nm and Dl 0.9 nm, respectively.
Figure 1(a) shows the transmission of the probe in quasi-TE mode measured with a pump pulse in quasi-TM mode. The cw probe wavelength is l probe 1603.4 nm. The pump light has an average power of 1.3 mW at the input of the waveguide, corresponding to a peak power of 2.8 W. On the transmission waveform we see an increase in probe transmission corresponding to net internal gain when the pump pulse passes through the waveguide. The waveform is limited by the slow (ϳ30-ps) response time of the 12-GHz detector. The peak value of the measurement-limited net internal gain is 0.9 dB. The ripples in the waveform are also due to the response of the detector. In the inset of Fig. 1(a) we show the response of the detector to a single pump pulse, where one can see the same pattern of ripples.
The net internal gain is a combined effect of the gain that is due to the Raman effect and the loss caused by TPA and FCA effects in the waveguide. To isolate the Raman effect from the TPA and FCA effects, we measure the probe transmission when l probe 1605.4 nm . l 0 1 Dl, where the Raman gain is expected to be minimum [ Fig. 1(b) ], whereas the nonlinear absorptions are expected to be almost identical. The magnitude of the FCA and the free-carrier lifetime can be obtained from the exponential f itting of the decay of the nonlinear absorption after the pump pulse has passed. Using this method, we find the free-carrier lifetime in the waveguide to be 1.37 ns, which is much smaller than that in bulk silicon because of the carrier recombination at the Si SiO 2 interfaces. The measurement-limited internal Raman gain on the probe beam is shown in Fig. 1(c) , corresponding to the difference between the waveforms shown in Figs. 1(a) and 1(b).
The net internal gain is limited by the FCA at high pump powers, since the free carriers are generated by TPA, 7 and the carrier density is proportional to the square of the pump intensity. We show in Fig. 2 the measurement-limited internal Raman gain [see Fig. 1(c) ], the free-carrier absorption, and the net measurement-limited internal gain [see Fig. 1(a) ] versus the peak power of the pump pulse. The error bars originate from the error in the estimation of the peak power and in the alignment of Figs. 1(a) and 1(b) for obtaining the internal Raman gain. One can see from the f igure that, when the pump power is low, the internal Raman gain increases linearly with the pump power, whereas the FCA increases superlinearly. When the pump power is high (.ϳ1.3 W), because the pump pulses experience extra loss from TPA and FCA, 5 the increase in both the internal Raman gain and the FCA is slower. One can see that the net internal gain saturates at a high pump power (ϳ2.3 W).
To measure the bandwidth of the Raman gain, we extract the Raman gain from the transmission waveform at each probe wavelength. In Fig. 3 we show the measurement-limited internal Raman gain versus the probe wavelength when the peak power of the input pump pulse is 1.2 W. The gain spectrum is fitted with a Lorentzian spectrum shape, which is shown as the solid curve in Fig. 3 . The central wavelength of the gain spectrum is l 0 1603.6 nm and the FWHM linewidth is Dl 0.91 6 0.07 nm. These values agree well with previously published values measured for rib waveguides. 1 From the FWHM of gain spectrum Dl and its Lorentzian shape we extract the phonon lifetime in silicon of t R 3 ps from
From this value and the 3.6-ps pump pulse duration we estimate the actual duration of Raman gain to be much shorter than the 37.5-ps Raman gain FWHM measured from the waveform in Fig. 1(c) , which is limited by the slow response of the detector. The shorter Raman gain duration implies a higher peak value of Raman gain than that extracted in Fig. 1(c) . To obtain the actual (i.e., non-measurement-limited) value of peak Raman gain and net internal gain, we simulate the Raman gain dynamics in the waveguide with the following rate equations: ≠I P ͑r, t͒ ≠z 1 c n gP ≠I P ͑r, t͒ ≠z 2g P I P ͑r, t͒ 2 a P n͑r, t͒I P ͑r, t͒ 2 bI P ͑r, t͒
≠I S ͑r, t͒ ≠z 1 c n gS ≠I S ͑r, t͒ ≠z 2g S I S ͑r, t͒ 2 a S n͑r, t͒I S ͑r, t͒ 2 2bI P ͑r, t͒I S ͑r, t͒ Fig. 2 . Measurement-limited internal Raman gain (curve with circles), net internal gain (curve with diamonds), and FCA (curve with triangles) versus pump peak power. where I P and I S are the local pump and probe intensities, respectively; z is the transmission direction of the waveguide; n gP and n gS are the group indices of pump and probe, respectively, obtained from the finitedifference mode solver 5 ; g P and g S are the linear transmission losses of the waveguide for pump and probe, respectively; a P 1.32 3 10 217 cm 2 and a S 1.55 3 10 217 cm 2 are the FCA coeff icients of pump and probe, respectively 3 ; n is the local free-carrier density; b 0.79 cm͞GW is the TPA coefficient 9 ; g R 4.2 cm͞GW is the Raman gain coeff icient; and I P 0 is the effective pump power that contributes to the phonon density at time t:
In the simulation the transverse mode prof iles of both the pump and the probe are obtained from the finite-difference mode solver and are assumed to be unchanged over z.
To compare the simulation results with the experimental results, we calculate the detector response by convoluting the gain dynamics found from the simulation with the impulse response of the detector. The results are shown as dashed curves in Figs. 1(a) and 1(b) for the Raman effect included and not included in the simulation, respectively. One can see that the simulation agrees well with the experimental result.
The value of g R used in the simulation is lower than the previously reported value of 20 cm͞GW. 1 The lower gain coeff icient may be due to the different type of waveguide used, with different strain levels and surface effects.
The gain dynamics obtained from the simulations are shown in Fig. 4 . The solid curve in Fig. 4(a) shows the relative transmission of the probe when the Raman effect is present. One can see a 3.1-dB net internal gain on the waveform. The dashed curve in Fig. 4(a) shows the transmission when there is no Raman effect, corresponding to the situation when the probe is out of the Raman bandwidth. A comparison of the two waveforms in Fig. 4(a) allows the internal Raman gain to be obtained, and it is shown in Fig. 4(b) . We find the peak internal Raman gain to be 5.6 dB.
In conclusion, we have observed high net gain from the Raman effect with a highly conf ined strip SOI waveguide and short-pulse pumping. The gain can be used to amplify the return-to-zero signal in a telecommunication system, compensate for nonlinear losses in an all-optical switch based on silicon, and pump as well as actively mode lock a silicon-based laser.
